Abstract: An optimization-based control strategy is proposed to improve control performance of a primary PI controller. The strategy, referred to as a MPC-based reference governor, optimizes the performance of a primary PI controller by supplying optimal setpoints to the primary controller. This primary PI controller is responsible for reflux ratio manipulation in a distillation column, to control the temperature of the column head. This paper shows theoretical and experimental results obtained on the laboratory-scale.
Introduction
In the control of a distillation process, control engineers focus on several key aspects. First and foremost, the control strategy must ensure the quality of the product, i.e., distillate. Secondly, since the distillation process is an energy demanding process, the control strategy should be designed to decrease the energy demand. Moreover, to ensure smooth and safe operation, technological and safety limitations have to be obeyed. The distillation process, however, is often controlled using simple PI controllers (Mihaľ et al., 2010; Skogestad, 2007) , which have one advantage. Their structure is very simple; hence they are easy to implement and tune. On the other hand, it is near impossible to incorporate safety and technological constraints into the design of PI controllers. This paper discusses a novel approach based on optimization. Specifically, an extended Model Predictive Control (MPC) strategy is discussed and used as a supervisory controller to the primary PI controller. A similar control strategy was used in early 70's when the MPC-based strategy was first introduced in the control of distillation processes and oil refineries (Cutler and Ramaker, 1979) . Such a concept is often referred to as a reference governor control (Gilbert and Kolmanovsky, 2002) . The main advantage of using an MPC-based control strategy is systematic constraints handling. Moreover, se veral quality and economic criteria can be included in the MPC design, e.g., minimization of used ener gy as proposed by Martin et al. (2013) . Pure MPC approaches have been discussed in relation to the control of distillation columns by many researchers like Volk et al. (2005) , Ahmad and Wahib (2007) or by Drgoňa et al. (2016) . However, incorporating optimal control strategies like MPC is a costly process. Namely, it requires changing the current control infrastructure. In our work, we propose to keep the current control scheme and to add the optimization layer on top of the current control scheme. Such an upgrade does not require changing the technological layout. The main motivation for this paper is to demonstrate that the MPC-based layer can provide such a setpoint for the inner PI controller that constraints on control action are handled in optimal fashion, even if the PI controller is not well-tuned. The Theoretical Section is devoted to the description of the laboratory distillation column and the design of the MPC-based reference governor (MPC-RG). In the Experimental Section, control performance of the MPC-based reference governor is compared with the traditional PI controller. In the last section, conclusions are drawn.
Theoretical
The objective of this paper is to apply and verify a novel control approach involving an MPC-based reference governor as a supervisor controller to a simple PI controller. A laboratory-scale distillation column, where the separation of a methanol-water mixture takes place, was chosen as the controlled process. The control setup involves a single-input single-output system, where input u to the system is the reflux, which directly affects the temperature of the column head considered as a measured variable y. Note that the temperature of the column head can be directly recalculated to the product concentration via phase equilibrium diagrams. The scheme of the continuous laboratory distillation column is presented in Fig. 1 . The laboratory distillation column UOP3CC (Armfield, 2010) consists of a reboiler with the maximum heating power of 2.5 kW and the capacity of 20 dm 3 . In the reboiler, a solution of methanol and water is heated up to the boiling point. From the reboiler, vapor enriched with methanol molecules rises through nine trays to the overhead water-cooled condenser. Condensed product is directed through the reflux valve either to the distillate accumulator or it is returned back to the column. The feed mixture is pushed to the column via a peristaltic pump on tray No. 5, and is preheated by a separate electrical heater. Each tray is equipped with a thermocouple. During the distillation column operation, the overhead condenser and the electrical preheater were assumed to be controlled by a separate algorithm and not to be part of the discussed research. These algorithms ensure that the feed is preheated to the boiling point of the feed mixture and the product is not over-cooled, so it can be returned back to the column without disrupting the column operation. Quality of the distillate is controlled primarily by the reflux valve. More specifically, the concentration of the final product is dependent on the temperature of the column head, i.e. tray No. 9. In our control setup, temperature of the column head was the process variable controlled via a PI controller, which is given in the form of a transfer function ( )
where the variable U(s) is the control action in the Laplace s-domain. Variables P and I are tuning parameters of the PI controller. Variable u represents the manipulated variable, which is the reflux ratio R. The reflux ratio is constrained in the interval R ∈ [0 100] %. If the reflux ratio is set to R = 0 %, full stream of the condensed product is returned back to the column, while setting R = 100 % results in directing the entire stream to the product accumulator. Naturally, such constraints on the control action can be incorporated in the PI control design using the antiwind-up scheme of Åström and Häg-glund (2006) ; however, performance of such control strategy is not optimal for constrain handling. The objective of this paper is to devise an MPCbased reference governor which supplies an optimal setpoint to the PI controller; hence, optimal operation of the distillation column is achieved even if a non-optimal PI controller is used. These optimal setpoints ensure the limitations on the reflux ratio not to be violated. The scheme of the proposed control strategy is depicted in Fig. 2 . Optimally shaped reference is denoted by w, e denotes the control error, while u and y represent the actual control action and measurement, respectively. The MPC-based reference governor is formulated as a constrained finite time optimization control (CFTOC) problem. The formulation resembles standard MPC formulations used to control distillation columns (Muske and Badgwell, 2002) . Specific formulation of the MPC-RG is given as
where the objective function is given by (2a) and defines the quality criterion. Expression ||z|| M 2 repre- Fig. 1 . Scheme of the laboratory distillation column. Opening of the reflux valve is the manipulated variable u, while temperature of the column head is the process variable y. Fig. 2 . Scheme of the reference governor setup.
sents a squared Euclidean norm, i.e. ||z|| M 2 = z T Mz. The first term of the cost function penalizes the differences between user-defined reference, r, and the predicted measurement, y, the second and third terms penalize the fluctuations of the provided setpoint and actual control actions, respectively. Constraints (2b)-(2d) represent the model of the closed-loop system. Bounds of the control action, i.e. the reflux, are enforced by (2e). Finally, the optimization problem is initialized by the current state measurement x(t).
The model of the closed-loop system is derived from the identified model of the distillation column and the model of the PI controller. The identified model of the distillation column is taken from our previous work presented in Drgoňa et al. (2015) . Details on the closed-loop system modeling derivation can be found in the technical manual by Klaučo (2016) . Experimental results obtained via the MPC-RG strategy are presented in the next section. c) Reflux ratio. 
Experimental
This section covers experiments in a laboratoryscale distillation column. Two types of experimental scenarios were performed. The first one involved the control of the reflux via the novel MPC-based reference governor strategy. The second scenario was limited to the traditional control approach, the PI control. The sampling time in both scenarios was set to T s = 10s. The MPC-based controller was designed based on the model of the closed-loop system involving the identified model of the distillation column (Drgoňa et al., 2015) and the model of the PI controller in form (1). Tuning parameters of the PI controller were set to P = 55, I = 0.011
The prediction horizon of the governor was chosen as N = 30, while the tuning factors in the objective function were set to
Finally, technological limitations on the reflux ratio were considered, hence:
The control problem formulation of the MPC-based governor has been constructed by using YALMIP Löfberg (2004) . The resulting optimization problem was solved by the GUROBI solver at each sampling instant. The performance of both controllers was tested on a scenario, where a step change on the setpoint r, i.e. temperature of the column head was changed. First, the experiment with the novel control strategy involving the MPC-based reference governor was tested. Results of this experiment are shown in the Fig. 3 . Recall, that the controlled variable y is the temperature of the column head. The profile of the variable is shown in the Fig. 3a , while the optimally shaped setpoint for the inner controller w is depicted in the Fig. 3c . Lastly, the profile of the reflux ratio, which is the manipulated variable, is shown in the Fig. 3b . In the second experiment the temperature of the column head was controlled solely by the PI controller (1). Time profiles of the measured temperature and reflux ratio are provided alongside the results obtained using MPCRG in Figs. 3a and 3b , respectively. Extending the primary closed-loop by MPCRG, the temperature overshoot (see the Fig. 3a ) in the column head is negligible compared to the case using the PI controller only. Also, counteracting the overshoot by shaping the reference (see Fig. 3b around time t = 50 min), the reflux ratio valve changes position from u = 100 % approximately 7 min sooner compared to the scenario involving the PI controller only. This behavior can be seen in the Fig. 3b . Moreover, the IAE criterion defined as
was considered to compare the performance of the respective controllers. Variable t f represents the entire experiment time window, i.e. 200 min. The IAE value for the experiment with the MPCRG controller was determined to be 391, while that for the experiment with the PI controller only was 608. Difference in the IAE values amounts to 35 %, which is also supported by the profiles shown in the Fig. 3a .
Conclusions
This paper discusses the improvements of a widely used and simple control strategy by including another control layer based on optimization. The improvement in the control performance was achieved by predicting the future evolution of the PI controller output together with the distillation column be havior. Considering the future behavior of the inner PI controller, shaped setpoint for the inner PI controller was provided. The filtered setpoint was obtained by solving an optimization problem. The experiments show that overshoots in the process variable decreased for the optimally shaped setpoint.
